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Introduction
Swine are used extensively in agriculturally related research, and their use as an animal model in biomedical research is increasing (Tumbleson, 1986) . Although an abundance of data exists describing serum concentrations of growth hormone (GH) and prolactin (PRL) in pigs, little is known about the metabolism of these hormones in the blood. One report by Spencer and coworkers (1986) determined meta- ' We gratefully acknowledge the assistance of Wayne Peschek and Ed McReynolds for the breeding and care of the animals; Michael Judy for technical assistance; and Douglas Bolt, USDA Animal Hormone Program, for porcine prolactin and growth hormone.
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4T0 whom requests for reprints should be addressed: USDA-ARS, U.S. Meat Animal Res. Center, P. 0. Box 166, Clay Center, NE 68933-0166. Received December 15, 1992 . Accepted March 15, 1993 J. h i m . Sci. 1993 Sci. . 71:2055 Sci. -2060 bolic clearance rate (MCR) and half-lives (t1/2) of PRL and GH using the single injection method in fetal pigs. In an earlier paper, Machlin et al. (1968) reported estimates of t l i 2 for GH at 20 to 30 min in adult pigs, and Althen and Gerrits (1976) studied GH clearance in growing pigs at 15 and 30 wk of age. Hormone levels fluctuate during different physiological states as a function of the amount released and cleared from the circulation. Accurate administration of a hormone to obtain experimentally elevated or physiologically relevant plasma concentrations depends on knowledge of the clearance rate and half-life of the specific hormone in blood. Therefore, this study was conducted to gain information concerning the pharmacokinetics (MCR, tliz, and volume of distribution [Vdl) of PRL and GH in neonatal pigs at two ages and to assist in planning future studies involving administration of these hormones to young pigs.
Materials and Methods
Animals. Six neonatal Duroc x White crossbred boars (1/4 Yorkshire, 1/4 Large White, 1/4 Chester White, 1/4 Landrace) were employed in this study. Pigs were housed with littermates in farrowing crates in indoor facilities throughout the experiment. Pigs were exposed to 12 h of light (lights on 0600) and temperatures were maintained between 18 and 22°C. Increased plasma PRL levels are associated with perception of stress in pigs (Klemcke et al., 1987) ; therefore, the following procedures were used to minimize stress during blood collection: 1) a bleeding cage (122 cm x 35 cm x 56 cm) was used that consisted of a pen that housed two pigs separated by wire screen that provided visual, auditory, and olfactory contact with the pigs, their littermates, and the dam; and 2 ) boars were acclimated for three daily 1-h periods to blood collection procedures.
Blood Sampling. In the first experiment, on postnatal d 8, boars were acclimated to the bleeding cages for 1 h. On postnatal d 9, two indwelling jugular catheters (TDMAC-heparin coated microrenathane; Braintree Scientific, Braintree, MA) were surgically implanted in the left external jugular under halothane anesthesia using previously described techniques (Pond and Houpt, 1978) . On d 10 and 11, the boars were again acclimated to the bleeding cages for 1 h. At 13 d of age, BW were determined and an initial 2-mL blood sample was drawn into heparinized syringes through a 1.5-m catheter extension after the pigs were placed in the bleeding cage. A single injection of a porcine PRL (USDA-B1-pPRL) and porcine GH (USDA-B1-pGH) cocktail at a dose of 20 ng of each hormonelg BW was administered through one cannula, followed by 5 mL of saline. Thereafter, 1-mL blood samples were drawn from the second cannula at 1, 2.5, 5, 10, 15, 30, 45, and 60 min after injection. Blood samples were immediately placed on ice and subsequently centrifuged at 1,500 x g , , for 15 rnin at 4°C. Plasma was recentrifuged at 3,600 x g, for 20 rnin at 4"C, rapidly frozen in liquid nitrogen, and stored at -20°C for hormone determinations. Hematocrits were determined from the first sample and last samples. Two days after the serial bleed, the pigs were reanesthetized and the cannulas were removed.
To minimize variability among pigs at the ages studied, as many pigs as possible were used at both ages. At 26 d of age, four boars from Exp. 1 and two littermates ( n = 6 ) were used for the determination of MCR. A protocol similar to that of Exp. 1 was followed. On postnatal d 22, 24, and 25, the boars were acclimated to bleeding cages for 1 h. On d 23, two catheters were surgically implanted in the right external jugular vein. On d 26, BW were determined and an initial 2-mL blood sample was collected from each pig. Prolactin and GH (20 ng eachlg BW) were injected, blood samples were collected, and plasma was stored as described for Exp. 1.
Prolactin and Growth Hormone Radioimmunoassay. Immunoreactive porcine PRL ( ipPRL) and immunoreactive porcine GH ( ipGH) were measured using double-antibody RIA procedures described in detail previously (Klemcke et al., 1987; Klindt and Stone, 1984 ; reference preparations USDA-B 1-pGH, USDA-B 1-pPRL). Intra-and interassay variabilities (average CV of duplicate samples for two assays) for ipPRL were 5.1 and 1.6%, respectively, with a sensitivity of 49 pgltube as determined by the lowest standard in the linear range of the standard curve. Samples analyzed for ipGH were assayed in a single assay with a CV of 10.2% and a sensitivity of 380 pgl tube.
Plasma samples for measurement of ipPRL were diluted 50-fold (1 to 10 min samples), 20-fold (15 min samples), 10-fold (30 to 60 rnin samples), or measured without dilution (time 0 samples). Such dilutions were necessary to ensure that the mass of ipPRL would be appropriate for the standard curve (.056 to 5 ngitube). At these dilutions, the mass of ipGH in assay tubes would be < 2 ng. A specificity test indicated that there was no competition of pGH (USDA-B1-pGH) in the range of 1 to 50 ng for the pPRL antibody (Klindt, unpublished observations) . Plasma samples for the measurement of ipGH were diluted threefold (1 to 15 min samples) or measured without dilution (time 0 and 30 to 60 rnin samples). At such dilutions the mass of ipPRL in assay tubes would be I 8.2 ng. A specificity test (Klindt, unpublished observations) indicated no competition of 50 ng of pPRL (USDA-B1-pPRL) for the GH antibody.
Metabolic Clearance Rate Calculations. The MCR of a particular hormone is defined as the volume of plasma cleared of hormone per unit of time. Disappearance curves were generated by plotting plasma hormone concentration vs time. The apparent MCR of each hormone was determined employing ESTRIP, an iterative multiexponential curve-peeling program (Brown and Manno, 1978) . In this study, the PRL and GH curves generated were best explained (coefficient of determination; R2 = .97) by a two-component model that resulted in a biexponential decline in plasma levels as a function of time after intravenous injection. In the ESTRIP program, the F-test was used to evaluate the goodness of fit of the estimates and the two-exponent model fit these curves best. The twocomponent model used X = AePat + Bedt, where X is the concentration of hormone (nanogramslmilliliter), A and B represent hormone values in two compartments at time 0, 01 and /3 are rate constants for the exponential disappearance of hormone from compartments A and B, respectively, and t is time (minutes). The half-life ( t 112) was calculated using the equation tl/z = -.693/@. The volume of distribution (Vd) was calculated by Vd = dose of injected hormoneiB.
Statistical Analyses. Statistical analysis of the data was accomplished employing analysis of variance to test main effects of hormone, age, and the interaction, followed by the Student-Newman-Keuls multiple mean comparison test (SAS, 1985) . Data were tested for normality of distribution using the Shapiro Wilk Statistic and for homogeneity of variance using the Fmax test. Data were log-transformed when necessary to fulfill assumptions of analysis of variance. A probability of < .05 was considered significant. 
Results
The disappearance curves for ipPRL at 13 and 26 d of age are shown in Figure 1 . Clearance of ipPRL among the six boars was somewhat variable initially, but the variation decreased after the initial rise and fall of the hormone. The initial drop in plasma ipPRL was followed by a slower disappearance, demonstrating both distribution and the elimination phases of the disappearance curve, respectively. For appropriate age comparisons, the MCR values were divided by BW and expressed as milliliters~minute-l.kilogram-l. The calculated apparent MCR for ipPRL increased by 73% between 13 and 26 d of age ( P = .0008); however, the increase was not evident after adjustment for BW ( P = .6139; Table 1 ) . The t112 of PRL in neonatal pigs was nearly identical at 13 and 26 d of age ( P = .9201). The apparent Vd of ipPRL increased ( P = .0547) as the pig aged from 13 to 26 d; however, the increase was not obvious after BW adjustment ( P = .5143).
Growth hormone disappearance curves at both neonatal ages are shown in Figure 2 . The variation among animals was minimal at both ages. The disappearance followed a pattern similar t o that of ipPRL, with a rapid decrease in plasma ipGH followed by a slower disappearance of the hormone. The apparent MCR of ipGH increased with age ( P = .0008; Table 1 ) . When adjusted for BW, the clearance rates at the two ages remained significantly different ( P = .0465). Estimated t112 of GH at 13 and 26 d of age were different ( P = .0232; Table 1 ) . The apparent Vd per kilogram of ipGH did not change between 13 and 26 d of age ( P = 5143; Table 1) .
Hematocrit values were not different ( P = .71) between samples drawn at time 0 and those drawn 60 min after injection at either age tested. However, the hematocrit value decreased with age ( P = .0002), 33.17 k 1.01 and 29.17 k 1.02% at 13 and 26 d of age, respectively. Body weights for each age are shown in Table 1 .
Apparent clearance rates per kilogram of BW for ipPRL and ipGH at either age did not differ significantly (Table 1 ) . However, the t112 of the two hormones were different ( P = .003; aValues represent the means f SEM, n = 6. b,c,dMeans within a row lacking a common superscript letter differ ( P < .05).
apparent Vd of ipPRL and ipGH differed significantly (Table 1) when expressed in milliliters ( P = .0021) or millilitersikilogram (VdlBW; P = .0023).
Discussion
These data represent the first pharmacokinetic measures reported for PRL and GH in neonatal pigs. Prolactin and GH are two structurally related molecules (Nicoll et al., 1986 ) with a common ancestral gene (Kawauchi et al., 1990 ) that have both unique and shared functions in multiple physiological systems (Nicoll, 1982) . The current pharmacokinetic characteristics mirror these well-known similarities and differences: apparent MCR of the two hormones at each neonatal age were similar, whereas apparent Vd, and to a lesser extent t1/2, differed substantially.
The pharmacokinetic characteristics of ipPRL and ipGH were assessed using the single injection method, which should provide the same results as the constant infusion method (Tait, 1963) and which has been used to assess MCR of PRL and GH in pigs (Spencer et al., 1986; Arbona et al., 1988) and in other species (Sinha et al., 1979; Power et al., 1988) . This approach was used because of the young age of the suckling pigs. Long periods of separation from the dam associated with the constant infusion method could lead to stress and subsequent changes in the measures of interest. For example, plasma PRL concentrations of pigs are increased by a variety of stressors (Klemcke et al., 19871, including hemorrhage (Carlson et al., 19901 , and stressors alter Vd and MCR for other hormones (Manin and DeLost, 1981) . Procedures used to minimize stress included 1 ) bleeding cage acclimations, 2 ) contact with the dam and siblings via proximity and use of a screened bleeding cage, and 3 removal of a minimal blood volume ( < 15 mL), which accounted for < 6% of the total blood volume of each pig. The efficacy of these procedures is reflected by the observed calmness of the pigs, which often slept throughout the procedure; by the low basal hormonal concentrations; by hematocrit values that did not differ between the first and last blood samples taken; and by low variability (SEM) of plasma hormone concentrations among the pigs. Therefore, it is unlikely that the animals were stressed from blood sampling procedures or minor changes in blood volume. Thus, the clearance data generated represent measures in normal, conscious, neonatal pigs.
It should be emphasized, however, that the concentrations of hormones attained subsequent to injection are supraphysiological. Thus, the MCR and Vd computed may pertain only to these high concentrations and may not apply to more physiological concentrations. Such results would be most applicable if one were attempting to assess doses of hormones needed to obtain elevated concentrations of hormone. For rats, the iPRL MCR was proportional to the mass of hormone infused (Grosvenor et al., 19771 , but for cattle, iPRL MCR was independent of infusion doses (Akers et al., 1980) . The MCR for cortisol was higher at higher doses due to its interaction with blood corticosteroid binding globulin (Tait, 1963) . Hence, plasma GH binding proteins in pigs (Shaw and Baumann, 1988) may produce similar results. Because of these considerations, MCR and Vd in the present studies are classified as "apparent" and may apply predominantly to the high concentrations achieved in these studies.
Although concentrations of hormones attained were supraphysiological, it should be noted that the mechanisms involved in their elimination from the blood were not saturated. This is substantiated by the presence of exponential (first-order) elimination kinetics. Because of this condition, t1/2 are independent of dosages and thus are accurate (Mayer et al., 1980) . Metabolic clearance rates for both hormones under these unstressed conditions increased with age. There were at least two factors that may contribute to such observations. First, both PRL and GH are metabolized predominantly in the liver and kidney. Hepatic enzyme activity associated with these biotransformations is low in fetuses and neonates (Mayer et al., 1980) . Activity of these enzymes presumably increases in pigs during neonatal development in a manner analogous to the increasing activity of other hepatic enzymes (Mersmann, 197 1) . Second, developmental increases in hormone receptors would increase the rate of target tissue uptake, and concomitantly would increase the MCR. Such increases have been reported for rat hepatic PRL receptors (Jolicoeur et al., 1989) , for GH receptors in various rat tissues (Mathews et al., 19891 , and for hepatic GH receptors of calves and lambs (Gluckman et al., 1983) . It should also be noted that measured age effects are confounded with day effects. The experiment was designed such that MCR could be measured in the same pigs at both ages to reduce variability among pigs. However, such a design necessitates that measures be taken on different calendar days. We suggest that such day effects are minimal, if they exist at all. There were no obvious changes in environment (temperature, lighting, odors), and it might be anticipated that any stressors undetected by the investigators would affect the pigs to varying degrees. Hence, the error terms would be increased. As indicated in Figures 1 and 2 , the errors for the hormones at both ages are comparable and small.
The apparent MCR of both hormones were similar at 13 and 26 d of age, yet the t112 of PRL was greater than that of GH at both ages. Equations used to calculate these measures show that t112 is dependent only on the rate constant of disappearance of hormone from the blood, whereas MCR is also dependent on the concentration in blood at time 0, thus reflecting the Vd. Therefore, ipPRL has a longer t112 than ipGH because its rate constant of decay is less, and its apparent MCR is greater because the apparent Vd is proportionately larger than that of ipGH at each age.
The apparent Vd of ipPRL was almost twice that of ipGH at both ages studied. The large apparent Vd for ipPRL possibly reflects that the availability of PRL to the tissues may occur sooner than that for GH because of an earlier development of PRL receptors, as has been shown during rabbit neonatal development (Kelly et al., 1974) . Additionally, it has been shown in humans that GH binding protein affects the behavior of circulating GH . Therefore, it is possible that GH binding protein present in pig plasma (Shaw and Baumann, 1988) restricts the distribution of GH, thereby decreasing its Vd. This may be reflected in the current study, in which the calculated apparent Vd is approximately equal to the blood volume. Distribution volume of corticosteroid has been shown to decrease with age in neonatal rat pups, primarily due to the increasing levels of corticosteroid binding globulin present in the plasma (Leeper et al., 1988; Schroeder and Henning, 1989) . The high apparent Vd value for ipPRL may also involve the ability of PRL to alter blood flow or redistribute blood to other organs, thereby altering the apparent Vd (Grosvenor et al., 1977) .
Growth hormone has been studied more rigorously than PRL in domestic species for obvious economic reasons. The t1/2 of ipGH determined in neonatal pigs is similar to the values reported by Machlin et al. (19681, who also used the single injection method in adult pigs. The age-related decline in ipGH t1/2 in this study and others (Bassett et al., 1970; Power et al., 1988) may reflect that increasing numbers of receptors (Baxter, 1985) in the more mature animals bind or catabolize GH at a greater rate.
The MCR expressed on a per-kilogram basis (milliliters.minute-l-kilogram-l) removes the BW effect and provides data that can be compared across ages and species. Neonatal pigs in this study exhibited ipPRL clearance rates comparable to those of humans (Molitch et al., 19871, sheep (Akbar et al., 19741, cattle (Akers et al., 19801, and rats (Koch et al., 1971) . For ipGH, the apparent MCRkilogram correspond well with data reported by Althen and Gerrits (1976) for older pigs, as well as with values reported in other species (Thompson et al., 1972; Sinha et al., 1979; Power et al., 1988) . Some investigators have chosen to express MCRiunit of metabolic BW (kg.75), which permits the expression of MCR of an animal independent of its body size (Davis and Borger, 1973) . When these data are expressed as MCR/kil~gram,~~, the apparent MCR for both ipPRL and ipGH increase as the animal matures from 13 to 26 d ( P = .0142; data not shown).
Finally, the apparent MCR measured for PRL in this study represents an average of the nonglycosylated and glycosylated forms that may exhibit different MCR in pigs (Sinha et al., 1991) and have different crossreactivities with the antibody used for RIA (Sinha et al., 1991) . A similar explanation may be applied to GH, for which it is known that different isoforms exist and exhibit different MCR (Baumann, 1979) .
Implications
The pig is an important animal model in biomedical and agricultural research. Prolactin and growth hormone exhibit a multitude of actions in several physiological systems. Knowledge of the clearance parameters of prolactin and growth hormone determined in this study provides a predictable means by which to design experiments involving hormone administration. Determination of metabolic clearance rates and half-lives at two neonatal ages provides information about developmental processing of these two hormones in pigs.
